Mutation of sigB impairs the ability of Listeria monocytogenes to grow in sublethal levels, and to survive in lethal concentrations, of the bacteriocins nisin and lacticin 3147 and the antibiotics ampicillin and penicillin G. SigB may therefore represent an attractive target for the development of new control and treatment strategies for this important pathogen.
modification of the cell envelope (Table 1) . It was therefore decided to investigate whether the SigB regulon contributes to the tolerance of bacteriocins (peptide antimicrobials) and antibiotics (nonpeptide antimicrobials). SigB contributes to bacteriocin tolerance. The growth rate of a sigB mutant (a nonpolar internal deletion mutant) (24) was comparable to that of the wild type when grown in brain heart infusion (BHI) broth at 37°C, indicating that SigB is not required for growth under normal physiological conditions (data not shown). Addition of sublethal levels of nisin (a bacteriocin currently used as a biopreservative) (5) or lacticin 3147 (a bacteriocin that shows potential as a biopreservative) (11) had noticeable effects on growth ( Fig. 1A and B) . Survival assays performed with lethal levels of each bacteriocin revealed more-dramatic differences at every concentration tested. Although there was an initial kill of the parent strain at the levels shown in Fig. 1 , it was detected at high numbers over the 6-h experiment, whereas the mutant was not detected after 1 h in the broth supplemented with nisin or after 4 h in the broth supplemented with lacticin. At bacteriocin levels higher than these, the parent was rapidly and completely inactivated. Interestingly, agar well diffusion assays (not shown), overlay assays ( Fig. 1E and F) , and MIC determinations by the broth dilution method (using twofold serial dilutions of the bacteriocins in BHI broth) (data not shown) did not reveal any differences between the strains. However, these experiments are analyzed at a single time point after 24-h incubation periods, after which the numbers of wild-type and mutant bacteria were identical in our experiments (data not shown). Overall, our data strongly suggest an important role for SigB in bacteriocin tolerance, which may be important for the survival of L. monocytogenes in foods. The results also highlight the importance of assay selection in the assessment of the contribution of a specific locus to bacteriocin tolerance. For example, Moorehead and Dykes (17) concluded that SigB did not play a role in L. mono- Overnight cultures were inoculated (3%) into BHI broth supplemented with either ϳ45 AU/ml lacticin 3147 (A), 50 g/ml nisin (B), ϳ100 AU/ml lacticin 3147 (C), or 300 g/ml nisin (D). (Lacticin was prepared as described in reference 14, and nisin powder was obtained from Sigma.) Cultures were incubated with shaking at 37°C. Cell growth was measured spectrophotometrically by determining the optical density at 600 nm. Viable cell counts were performed by serial dilution in one-quarter-strength Ringer's solution and enumeration on BHI agar. Error bars, standard deviations from three independent experiments. (E and F) Overlay assays of wild-type (wt) and sigB mutant (⌬sigB) L. monocytogenes with bacteriocin-producing strains. Ten microliters of the lacticin 3147 overproducer Lactococcus lactis subsp. cremoris MG1363 plus pMRCO1 and pOM02 (E) or the nisin producer Lactococcus lactis subsp. cremoris pNZ9700 (F) was spotted onto GM17 agar. After overnight incubation at 30°C, spots were UV treated for 10 min and then overlaid with wild-type L. monocytogenes 10403S or the ⌬sigB strain in BHI semisolid agar. Plates were incubated overnight at 37°C.
cytogenes tolerance of the bacteriocins nisin and sakacin A as determined by overlay assays.
SigB contributes to antibiotic tolerance. The abilities of the wild type and the sigB mutant to withstand exposure to penicillin G and ampicillin were compared, because these are the antibiotics of choice in the treatment of listeriosis (12) . Initial agar diffusion experiments with antibiotic disks (Oxoid) revealed that the diameters of the zones of bacterial growth inhibition surrounding the filter disks were similar for the two strains ( Fig. 2E and F) . In addition, there was no difference in MICs as determined by the broth dilution method (using twofold serial dilution of the antibiotics in BHI broth) (data not shown). However, detailed growth curves ( Fig. 2A and B ) and survival assays (Fig. 2C and D) revealed that the sigB mutant was significantly impaired in growth in sublethal levels of each antibiotic and was killed more rapidly at lethal levels. It is therefore possible that SigB contributes significantly to the survival of L. monocytogenes in clinical settings. Designing future therapies to target SigB may improve the treatment of listeriosis, which is presently inefficient.
Role of SigB in the tolerance of antimicrobial agents. The exact role of SigB in L. monocytogenes tolerance of antimicrobial agents has yet to be determined. It is likely that SigB plays a role in controlling membrane characteristics (e.g., charge or lipid composition) and that altering these properties significantly affects the cell's ability to tolerate antimicrobial compounds. It is noteworthy that bacteriocins and antibiotics act on bacterial cell walls and that L. monocytogenes sigB mutants have been shown to be significantly more sensitive than parent cells to stresses that exert their effects on the cell wall, such as bile (3) . In addition, cell surface alterations have previously been shown to be important in the tolerance of several bacteriocins and antibiotics (4, 9, 10, 18, 23) . SigB may also regulate general stress proteins or proteins involved in extrusion of Overnight cultures were inoculated (3%) into BHI broth supplemented with either 0.02 g/ml penicillin G (A), 0.05 g/ml ampicillin (B), 32 g/ml penicillin G (C), or 32 g/ml ampicillin (D). (Antibiotic powders were purchased from Sigma and solubilized in water.) Cultures were incubated with shaking at 37°C. Cell growth was measured spectrophotometrically by determining the optical density at 600 nm. Viable cell counts were performed by serial dilution in one-quarter-strength Ringer's solution and enumeration on BHI agar. Error bars, standard deviations from three independent experiments. (E and F) Antibiotic disk diffusion assays. Overnight wild-type and ⌬sigB cultures were diluted 1:10 in Ringer's solution and swabbed onto BHI agar plates (20 ml). Commercially purchased disks (diameter, 6 mm; Oxoid) containing penicillin G (E) or ampicillin (F) were placed on the surface using a sterile forceps. Plates were incubated at 37°C overnight, after which the diameters of the zones of bacterial growth inhibition surrounding the filter disks were measured.
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antimicrobials out of the cell. Indeed, htrA (lmo0292), which encodes a putative molecular chaperone that has been shown to be involved in tolerance of penicillin G (21), and mdrL (lmo1409), which encodes an antibiotic efflux pump (15) , both possess consensus SigB binding sites.In conclusion, we report our novel observation that SigB contributes positively to L. monocytogenes tolerance of the bacteriocins nisin and lacticin 3147 and of the antibiotics ampicillin and penicillin G. Because SigB may contribute to the survival of L. monocytogenes both in the food-processing environment and in vivo during infection, it may represent an attractive target for the development of new control and treatment strategies for this important pathogen.
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